Ultra-high isotropic resolution imaging of retinal structures was made possible with an adaptive optics system using dual deformable mirrors and a Fourier-domain optical coherence tomography (Fd-OCT) system with correction for longitudinal chromatic aberration. This system was used to image microscopic retinal structures of healthy as well as diseased retinas in vivo. The improved resolution and contrast enhanced visualization of morphological structures in the retina can be clearly seen. The benefits of this instrument are apparent from comparison of new images with those acquired using a previous generation AO-OCT instrument. Big change in the appearance of speckle field (reduction in speckle size) can be observed as well. Additionally, further improvements in volumetric data acquisition and image representation will be discussed. This includes creation of large Field of View (FOV) AO-OCT volume from multiple sub-volumes and its visualization. Also techniques and results of reducing speckle contrast by averaging multiple Bscans will be presented.
INTRODUCTION
In recent years Adaptive optics -optical coherence tomography (AO-OCT) [1] [2] [3] [4] [5] [6] [7] [8] has realized an improvement in lateral resolution compared to stand alone Fd-OCT [9] [10] [11] . We previously reported [12] an ultra-high resolution (UHR) OCT that is capable of real-time imaging with high volumetric resolution (~3 µm in all three dimensions). Its basic components have been described previously which include Fourier-domain OCT (Fd-OCT) with correction for longitudinal chromatic aberration (done by achromatizing lens) and AO allowing monochromatic aberration correction using two deformable mirrors (DM's). In this paper we report results on using this instrument for in-vivo imaging of healthy and diseased retinal structures. New ways of improving system feasibility for clinical studies are presented including creation of large Field of View (FoV) AO-OCT volumes constructed from multiple smaller volumes and coregistration of these large AO-OCT volumes to fundus photos. Additionally, impact of the speckle contrast, one of the inherent built-in problems in OCT coherent detection scheme, will be discussed. As previously noted by other investigators in order to reduce this speckle noise we decided to acquire multiple B-scans (over the same location) and register them and then create an average intensity image (each pixel value is calculated as an average intensity from all frames). Several results of implementing this method in imaging diseased retina will also be presented. Please note position of achromatizing lens on Fig.1 ., at the beginning of the sample arm. Importance of chromatic aberration correction in UHR AO-OCT imaging has been theoretical and experimentally demonstrated by Fernández et al [13] [14] [15] .This lens cancels longitudinal chromatic aberrations of the human eye and therefore allows high lateral resolution imaging with polychromatic light with large pupil diameters. The actual AO-OCT system developed in our laboratory occupies a 5 ft x 6 ft laboratory optical table. In the optical design, we used a cascade of focal telescopes (created by pairs of spherical mirrors instead of lenses) to produce conjugate planes of the eye pupil with all key optical components, including X and Y scanning mirrors, two wavefront correctors and a Hartmann-Shack (H-S) wavefront sensor (which uses the OCT imaging light for wavefront reconstruction). The detection channel of the OCT system consists of a custom-design spectrometer allowing 2 mm axial scanning depth in the eye. Fd-OCT data acquisition software developed by Bioptigen Inc. Durham, NC processes displays and streams AO-OCT B-scan data to system memory in real time simultaneously. The light source for both OCT and AO subsystems is an SLD Broadlighter T840-HP (836@112nm; Pout = 16 mW) from Superlum LTD, allowing 3 µm axial resolution in the retina. Spectra and axial PSF of this light source is shown below. 
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Separate PC controls the AO subsystem of our instrument for measuring wavefront aberrations of the eye and drives both deformable mirrors (one at a time) in a closed loop. In our AO sub-system we used two wavefront correctors: a 37 actuator Bimorph Deformable Mirror (DM1) from AOptix and a 144 actuator MEMS Deformable Mirror (DM2) manufactured by Boston Micromachines. The AO system uses the bimorph DM for low-order aberration correction (defocus and astigmatism) eliminating the need for trial lenses to correct individual subject's refractive errors up to ± 3 diopters of defocus. The same mirror is also used to shift the focus of the AO-OCT beam axially onto retinal structures of interest. Our AO sub-system allows archiving of H-S wavefront centroid displacements and RMS error. This can be used as a measure of the wavefront correction and time-linked to the corresponding OCT images. Figure below shows an example performance of AO subsystem with our broad bandwidth light source and achromatizing lens. The pupil diameter of 6.7 mm used in our imaging system allows for up to 3 µm lateral resolution with good AO correction. To reduce head motion, a bite-bar and a forehead-rest assembly have been mounted on an X-Y-Z translation stage. This also allows precise positioning of the subject's eye. Eye fixation is directed to an external target to minimize head and eye motion and to allow precise imaging of different retinal locations. During the experiment, the subject's eye is dilated and cyclopleged by 1% Tropicamide and 2.5% Phenylephrine to ensure a pupil size > 7 mm and to paralyze accommodation. No trial lenses were used during testing (for all the subjects shown in this manuscript refractive error was within dynamic range of AO sub-system).
Acquisition of large FOV AO-OCT data sets
In order to improve clinical feasibility of our AO-OCT instrument we decided to provide large FOV hi-resolution retinal volumes rather than our current "small" volumes. In general in an AO-OCT instrument the size of the single volume is restricted by either of two factors: maximum lateral scanning area of the system or isoplanatic field of given eye. It practically means that maximum area covered by single AO-OCT volume (without compromising image resolution) is in the order of 2-3° for our imaging wavelengths. In our previous work [7] we propose 1x1mm 3D raster scanning mode that acquires 100 B-scans (1000 lines/B-scan) in about 5.5s (with line acquisition exposure of 50 µs) as most adequate for "large" AO-OCT Volume imaging. In this case volumetric sampling is not dense enough to see cellular structures; nevertheless it allows clear visualization of other interesting retinal features including micro capillaries and nerve fiber bundles. It's size however is still very small compared to the FOV of standard clinical instruments. Therefore we decided to use this scanning mode to acquire multiple volumes that could be use to create larger FOV AO-OCT volumes that would be of greater impact in clinical applications. As mentioned above single AO-OCT sub-volume was set to cover about 1x1mm. It means that in case of large FOV subvolume acquisition the spacing between centers of two consecutive sub-volumes should not exceed 70-80 % of subvolume width i.e. 700-800 µm. This overlap of multiple sub-volumes is essential for later sub-volume co-registration and stitching. In order to change location of sub-volume we have been alternating location of fixation point that subject is looking at. This was the only way of changing location of sub volume since our single sub-volume uses whole scanning range of our instrument. Actually the only difference between this sub-volume acquisition and our regular data acquisition mode was the spacing between fixation points resulting in overlap in sub-volumes. As an example of AO-OCT scanning areas used in sub-volumetric measurements figure below shows 9 sub-volumes acquisition scheme. 
Stitching and Visualization of sub-volumes.
This new functionality (Stitching of sub-volumes) of our custom OCT Volume Renderer [16] will be described in details in our future reports. It basically allows active manipulation and viewing of the resulting volume and its cross sectional slices in real time. This feature allows overlaying of two volumes and manual co-registration based on position and structure of microcapillaries. In our current system we can translate freely volumes between each other in three dimensions. This data can be than stitched and saved as a single larger volume. This step is then repeated until large FOV volume consisting from all sub-volumes is created. On the areas where two volumes overlay we choose the maximum value of two overlaying Voxels as value of resulting Voxel. These large FOV data sets can than be manually co-registered to the fundus photo. This is possible due to another functionality of our OCT Volume Renderer, that allows active manipulation and viewing of fundus photo on corresponding OCT Volume, its OCT fundus and cross sectional slices. In our current system we can translate fundus photo freely in three dimensions. Additionally one can scale and rotate it along three main axes. All this manipulations are done with the fundus photo (OCT data remains un-changed). This approach allows keeping all the segmentations and annotation drawings done with OCT volume and allows it easy display on co-registered fundus photo.
Speckle reduction by multiple B-scan Averaging
As already mentioned in introduction speckles are inherently connected with OCT as a coherent detection scheme. However thanks to application of broadband light sources to AO-OCT system clear reduction in speckle size and therefore improvement in visibility of retinal features can be achieved. Unfortunately, beside clear improvement achieved by this method, its application to even greater reduction of speckle appearance (by increasing spectral bandwidth) is difficult to implement. This is mainly due to the high cost of broadband light sources and need for complex optical designs that would compensate for chromatic errors over larger spectral bands (not limited to longitudinal chromatic aberrations alone, but also compensating for eye transverse chromatic aberrations). To illustrate benefits of increased spectral bandwidth on AO-OCT images figure below shows comparison between two B-scans acquired with the same AO-OCT system over the same retinal location. The only difference between these two B-scans is spectral bandwidth of SLDs used for imaging. One image was acquired with our "old" SLD (50 nm @ 840nm with 6µm axial resolution) second was acquired with new broadlighter SLD (112nnm @ 836nm with 3µm axial resolution). Another, already known way, of speckle contrast reduction includes averaging of multiple OCT B-scans. Unfortunately, with our current system acquisition speed, this method is not feasible for volumetric imaging and can be applied to the single location B-scans only. In our speckle reduction procedure presented in this paper we used an AO-OCT line scan that covers over 0.5 or 1mm retinal area. The acquisition speed equals 18 frames/s for 1mm and 36 frames/s for 0.5 mm scans. This data has been then post-processed what includes Frames registration [7] . In next step from set of 100 or 200 frames we choose 10 that has minimum motion artifacts and that show similar retinal structures (this is very important as vertical eye motion shifts our B-scans to different retinal locations). These frames are than averaged, each pixel value is calculated as an average intensity from all frames, to create one frame. An example result of this procedure is shown on figure below. In this case our AO sub-system was focused on inner retinal layers (increased sensitivity in RNFL). Clear reduction in speckle contrast can be observed between two images. Additionally contrast between NFL bundles and some capillaries is enhanced as well. Sever examples of implementing this method to images acquired on diseased retinal structures will be presented in result section of this manuscript.
RESULTS
As already mentioned in previous sections all the results presented in this paper has been acquired with ultra high resolution AO-OCT system constructed at UC Davis. AO correction was performed over 6.7 mm diameter of the subject's eye's pupil. For Fd-OCT data acquisition 50 µs line exposure time resulting in 18,000 lines/s acquisition speed. The results are divided into two subsections one focuses on large FOV volumetric AO-OCT imaging, other shows examples of speckle reduction on the single B-scans. 
Volumetric Retinal imaging with AO-OCT
To visualize performance of our AO-OCT system an example of single AO-OCT sub-volume acquired over 1x1mm region on the retina is shown as a screen shot from our Volume Renderer. It can be seen that even though vertical spacing between consecutive B-scans is in the order of 10µm microscopic retinal features can be easily visualized. As next example of volumetric imaging a Large FOV AO-OCT volume is presented. Figure 8 . shows an OCT fundus view of 9 stitched sub-volumes with co-registered fundus photos. Registration of the sub-volumes and than co-registration between resulting Large FOV AO-OCT volume and fundus photo was done manually with our Volume Rendering software. It can be seen that small retinal vessels can be used as marking points for co-registration of AO-OCT volumes to fundus photos. As results of this co-registration one can interactively view with our Volume Renderer both AO-OCT Volume and fundus photo that allows better visualization and localization of the retinal features between two imaging modalities.
As an example of the volumetric view of large FOV AO-OCT volume figure below shows screen shot from our Volume Renderer. We think that this feature, of creating and displaying large FOV OCT volumes, greatly improves clinical impact of our AO-OCT system. Especially when combined with more automated data acquisition and stitching procedures, that will be developed in the future.
Speckle reduction by multiple B-scan Averaging
In this section we will present three examples of AO-OCT image enhancing by applying multiple frames averaging. In all cases AO-OCT allowed better diagnosis of retinal conditions what was not possible with standard clinical imaging.
As first example figure below shows a single image and average one for subject with micro-scotoma located in the center of his visual field. Please note that B-scan averaging allows clear reduction of speckle contrast. Additionally B-scans averaging increase system sensitivity (ability to see less reflecting structures). This is especially important in context of imaging diseased and elderly eyes which generally appears dimmer due to stronger absorption and scattering by ocular media.
Next example shown on figure below represent micro-traction in a center of the fovea that due to its size was not correctly diagnosed with other clinical imaging modalities (OCT, fundus photo). Here again clear improvement in speckle reduction and sensitivity can be observed, what allows inside into retinal structures on microscopic level. Last example shown on figure 12 represents case of micro-scotoma that could not be explained by any standard imaging modality. It is evident however from AO-OCT B-scans that structural disruptions in outer nuclear layer translating to photoreceptor layers are good candidates to explain reduction in vision reported by this subject. We think that these examples show that AO-OCT B-scans averaging may have an important role in displaying and diagnosing retinal diseases with AO-OCT instrumentation.
CONCLUSIONS
We presented our fully functional AO-OCT instrument that allows in-vivo imaging of retinal structures with 3 µm volumetric resolution. Novel visualization methods presented in this manuscript include stitching of multiple subvolumes to create large FOV AO-OCT volumes and co-registration of AO-OCT data to fundus photos. As result an interactive representation of AO-OCT Volume with corresponding fundus photo has been created. Additional simple method of B-scan averaging that resulted in reduction of the speckle contrast and enhancement of image sensitivity has been tested. As a result B-scans that are easier to interpret for clinicians have been created. We hope that both methods help to popularize AO-OCT as a clinically relevant imaging modality.
